The long-range plans of the Long Island Lighting Company include the installation of 4600 MU of generation capacity at nuclear sites on eastern Long Island by the 1990's. A single site, Shoreham, was chosen for this study which would require transmission facilities to the Ruland Road substation, 43 miles away. Conventional 345 kV overhead and underground circuits are planned for this service.
INTRODUCTION
Power transmission using superconducting cables is an idea that has been studied for over a decade. However, it is only in recent years that detailed designs have been made for compressed gas insulatedland flexible cables2 using conductors which will be cooled to within a few degrees of absolute zero. The general characteristics to be expected of superconducting transmission systems have been described3. The intent of the study is to provide detailed cost estimates for superconducting systems which meet the technical requirements for a specific utility application, In this way a direct economic comparison can be made with conventional transmission methods for that particularsituation. This has allowed the potential economic feasibility of superconducting systems to be judged with much better accuracy than in previous studies ofa sim-ilar nature. Clearly this comparison may not be valid for some other site, but the percentage contributions of the major cost items will permit some extrapolation with suitable modification to reflect differing conditions.
The long-range plans of the Long Island Lighting Company (LILCO) include the addition of four nuclear units, each of a nominal 1150 W e , by the early 1990's. For the purposes of this study it has been assumed all four units will be located at a site near Shoreham, permitting a point-to-point transmission system to be studied. The Shoreham site would require a transmission system with a capability of about 4800 MVA to a major substation, Ruland Road, located near the Nassau County-Suffolk County border some 43 miles away. Systems analysis and right-of-way engineering evaluation have already been performed by LILCO in planning a 345 kV overhead and high pressure oil-filled (HPOF) system. After a preliminary survey the company did not press further consideration of dc transmission as the high cost of converter terminals can not be justified over the distances involved. For the case study three different superconducting schemes evolved which appeared appropriate for more detailed technical design and cost analysis.
General Description of Superconducting Transmission Plans
The three plans include one scheme which is completely superconducting and two requiring superconducting cables in combination with 345 kV overhead circuits. The original numbers assigned to all plans have been maintained, the plans discussed are #2, #3A and 14. These are presented in more detail below.
Common to all three plans are the conceptual designs of the superconducting cable, the thermally-in- 
s u l a t e d p i p e t o c o n t a i n t h e c a b l e
and t h e r e f r i g e r a t i o n systems.
The transmission system under development a t Brookhaven National Laboratory i s analogous to cmvent i o n a l E P Q c a b l e i n many ways.
The cable i s designed t o be f l e x i b l e and r e e l a b l e a t room temperature. The cryogenic envelope i s i n s t a l l e d i n a trench and jointed.
A t i n t e r v a l s of 3000 t o 4000 f e e t t h e c a b l e i s p u l l e d i n and s p l i c e d i n s p e c i a l manholes. The cable i s a coaxial geometry with a f u l l -c u r r e n t r e t u r n shield, hence, each cable i s an isolated-phase conduct o r .
A model of 345 kV superconducting cable i s shown i n F i g .
1.
The inner bore of he envelope i s pressuri z e d a t a p p r o x i m a t e l y 1.5 MN/m (-15 atms) with helium i n t h e r a n g e 6 t o 9 Kelvin, a suitabl'e temperature for the niobium-tin superconducting material forming ,still t h e s u b j e c t of extensive development and a dethe conductor.
The lapped tape i n s u l a t i n g p l a s t i c i s f i n i t e c h o i c e h a s y e t t o be made. Three m a t e r i a l s p o ss e s s i n g some of t h e n e c e s s a r x p r o p e r t i e s a r e Kapton*, polysulphone and polyethylene . The p r i c e of t h e s e m a t e r i a l s c o v e r s a 10 t o 1 range, polysulphone i s i n the middle and has been used i n t h e c o s t a n a l y s i s . A l l superconducting cable designs for this study have an o p e r a t i n g s t r e s s of 100 kV/cm (250 V/mil) a t t h e s u rf a c e of the inner conductor.
E
The design of the cryogenic envelope for this study was provided by the Cryenco Division of Cryogenic Technology, Inc., who a l s o e s t i m a t e d c o s t s and i n s t a l l a t i o n man-hours f o r t h i s e q u i p m e n t .
The envelope consists of an outer and inner pipe, the annulus i s evacuated and c o n t a i n s m u l t i l a y e r i n s u l a t i o n .
A s h i e l d o p e r a t i n g a t about 85 K i s incorporated.
The p i p e a l s o c o n t a i n s helium return ducts.
The cables themselves have a h o llow center conductor for the helium coolant.
A view of the envelope i s shown i n F i g .
The outer carbon s t e e l p i p e h a s a c o r r o s i o n p r o t e c t i v e c o a t i n g
of a laye r of uncured butyl rubber followed by s p i r a l wraps of extruded polyethylene or polypropylene film. Cathodic p r o t e c t i o n i s included. Designs have a l s o been made of f e e d e r j o i n t s , manholes and potheads but w i l l n o t be d e s c r i b e d i n d e t a i l i n t h i s p a p e r . The r e f r i g e r a t i o n systems have been designed a t Brookhaven using computer programs to calculate pressure drop, temperature rise and other data. Costs have been estimated for machines with rotary compressors and expanders. The use of r ec i p r o c a t i n g e n g i n e s i n t h i s c l a s s of s e r v i c e i s unlikel y . The refrigerators normally feed upstream and downstream loops.
Thus with 6 km (3.7 mile) loops the ref r i g e r a t o r s t a t i o n s e p a r a t i o n i s 12 km (7.4 mile).
A s e p a r a t e r e f r i g e r a t o r i s provided for each circuit, p l a c e d i n a s t a t i o n common t o a l l c i r c u i t s .
A s i t e of l e s s t h a n 3000 m2 (0.75 a c r e ) i s required and power f o r t h e r e f r i g e r a t o r s i s supplied by two independent underground feeders from the nearest distribution subs t a t i o n .
Plan 2
Two superconducting circuits connect Holbrook and Ruland Road.
Transmission i s overhead from Shoreham t o Rolbrook with three overhead circuits feeding into the superconducting circuits at Holbrook and two continuing overhead to Ruland Road v i a t h e Long I s l a n d R a i l Road (LIRR) right-of-way.
As each superconducting c i r c u i t h a s a normal load of only 1300 MVA the cables have been designed for 138 kV operation, requiring 345 kV/138 kV t r a n s f o r m e r s a t e i t h e r end. I n o r d e r t o obt a i n t h e low impedance for proper power sharing, auto-* Kapton i s a DuPont t r a d e name f o r a form of polyimide (Nylon). The parameters of the cables for each p l a n a r e shown i n Table I and t h e s i t e of these plans i s shown i n F i g . 3 .
Plan 3A
Two superconducting circuits connect Shoreham and Ruland Road.
No conventional 345 kV c i r c u i t s a r e i ncluded.
Each c i r c u i t h a s a c o n t i n u o u s r a t i n g of 4800 MVA, 345 kV, see Table   I .
The c u r r e n t d e n s i t y a t t h e continuous contingency load of 4800 MVA i s 426 A/cm and corresponds to surge impedance l o a d i n g f o r t h i s c a b l e .
Plan 4
Three superconducting circuits connect Rolbrook and Ruland Road.
Overhead lines complete the corridor t o Shoreham. Each c i r c u i t is r a t e d f o r a continuous contingency pcwer of 2400 MVA a t 345 kV, see Table I .
SYSTEM ANALYSIS
The three superconducting designs .have been investigated for satisfactory operation under normal, contingency, and fault conditions on the LIMO system. A v a i l a b l e f a u l t MVA a t t h e Ruland Road s u b s t a t i o n will be approximately 25,000 MVA and t y p i c a l r e a c t a n c e v a lues were used f o r t h e f o u r g e n e r a t o r s and transformers a t t h e Shoreham complex. No s t a b i l i t y s t u d i e s were performed, although previous studies of the planned convent i o n a l 345 kV overhead and @OF s y s t e m i n d i c a t e t h e e ff e c t of t h e r e l a t i v e impedance values associated with the three superconducting schemes. I n t h e t h r e e p l a n s considered the impedance l e v e l s a r e e q u a l o r l e s s t h a n the reference impedance of the planned system. Stabili t y s t u d i e s have shown the planned system to be acceptable, hence i t i s not anticipated that superconducting * 1200 MVA base, the continuous rating of the transforme r s i s 2100 MVA. I n f a c t , t h e impedances of plans 3A and 4 a r e c o n s i d e r a b l y l e s s t h a n the reference system.
The calculated values of system parameters under normal, contingency and fault condit i o n s a r e shown i n Table 11 . C i r c u i t b r e a k e r r a t i n g s a r e shown i n Table 111 .
A summary of the cooling systems for each plan i s shown i n Table IV.
The major heat loads are heat inf l u x i n t o t h e e n v e l o p e , d i e l e c t r i c l o s s and h y s t e r e t i c loss in the superconductor.
The heat influx has been calculated by Cryenco based on t h e s i n g l e -s h i e l d d e s i g p . A summary o f t h e i n s t a l l a t i o n p a r a m e t e r s i s given i n Table V. Trenching -A l l three superconducting plans use LILCO r i g h t -o f -w a y f o r t h e e n t i r e l e n g t h o f t h e c i r c u i t . No pavement rerroval and replacelrent i s required except f o r s t r e e t c r o s s i n g s , o f which t h e r e a r e 69 i n t h e H o lbrook-Ruland Road r o u t e .
Two b o r i n g s a r e r e q u i r e d under parkways where disruption of t r a f f i c i s not permitt e d . To a l l o w a c c e s s t o t h e p i p e s f o r i n s p e c t i o n a b o r e s i z e of 1.2 m (4 f t ) i s used f o r p l a n 2 and t h e s i n g l e 345 kV c i r c u i t of p l a n 4 .
The two c i r c u i t 345 kV pipes of p l a n s 3A and 4 r e q u i r e a 1.5 m (5 f t ) bore.
Both c i r c u i t s a r e p l a c e d i n one t r e n c h i n p l a n s 2 and 3A.
Two t r e n c h e s a r e u s e d f o r t h e t h r e e c i r c u i t s of plan 4.
A 4 inch free-poured concrete slab i s placed i n a l l t h e t r e n c h e s t o r e d u c e t h e c h a n c e s o f a n a c -. 
I n s t a l l a t i o n of Cryogenic Envelope
-Handling and alignment of the cryogenic envelope i s s i m i l a r t o t h a t for gas-spacer cable pipe.
Assembly of t h e s e c t i o n s can be done above the trench, and the sections lowered a s assembly i s completed. The b a s i c s t e p s i n i n s t a l l at i o n a r e a s f o l l o w s :
g.
Unload and
p o s i t i o n p i p e s so t h a t i n n e r s t a i nl e s s s t e e l l i n e r s b u t t . P o s i t i o n i n g j i g s w i l l probably be required.
Weld t h e s t a i n l e s s s t e e l l i n e r s and weld coupl i n g s on r e f r i g e r a n t r e t u r n p i p e . T e s t weld i n t e g r i t y .
(Helium mass spectrometer test.)
Wrap c r y o g e n i c i n s u l a t i o n .
P o s i t i o n and weld carbon s t e e l o u t e r s l e e v e .
Test weld integrity. (Gas bubble test, X-ray)
Evacuate area between stainless steel and c a rb o n . s t e e 1 p i p e s .
T e s t w e l d i n t e g r i t y .
( E e l im mass spectrometer.)
Apply c o r r o s i o n c o a t i n g i n weld a r e a s .
The overhead right-of-way has gentle horizontal bends of approximately loo, w i t h a minimum radius of 240 m (790 f t ) . C r y e n c o i n d i c a t e s t h a t e a c h j o i n t i n t h e e nvelope can allow a 1' d e f l e c t i o n , and a f u r t h e r 1 ' can be t o l e r a t e d i n t h e 18.3 m length of p i p e , so t h a t a bellows-type cryogenic envelope i s n o t r e q u i r e d f o r horizontal bends. Vertical dips are 1.2 m i n 30 m a t the worst, for which a bellows section may be required. As i n t r a d i t i o n a l p r a c t i c e , t h e p i p e s between s p l i c i n g manholes are capped, evacuated, and f i l l e d w i t h n i t r o g e n until t h e c a b l e i s p u l l e d . Cable I n s t a l l a t i o n -The low weight of the cables, few bends and d i p s , and low c o e f f i c i e n t of f r i c t i o n of s t a i n l e s s s t e e l on s t a i n l e s s s t e e l w i l l allow long sect i o n l e n g t h s .
To a l l o w f o r t h e s e d i p s and o t h e r u n a n t i c i p a t e d d e f l e ct i o n s , one f l e x i b l e s e c t i o n h a s been i n s e r t e d a f t e r
The maximum p u l l i n g l e n g t h f o r s t r a i g h t sections, assuming that two c a b l e s c a r r y t h e f u l l t e ns i o n , i s over 3350 m (11,000 f t ) f o r t h e 138 kV c a b l e s , and over 1430 m (4700 f t ) f o r 345 kV c a b l e s . A s e c t i o n length of 1220 m (4000 f t ) h a s b e e n assumed for 138 kV ( P l a n 2 ) t o a l l o w a s u f f i c i e n t f a c t o r o f s a f e t y . F o r the 345 kV design (Plans 3A and 4 ) t h e r e e l a b l e l e n g t h is the determining factor.
A drum width extension of 24 cm (2 cable wraps) over the standard 345 kV design allows a s e c t i o n l e n g t h of 915 m (3000 f t ) . H a n d l i n g and p u l l i n g o f t h e c a b l e s i s s i m i l a r t o n o r m a l p r a c t i c e f o r HPOF c a b l e s , e x c e p t t e n s i o n i s a p p l i e d t o t h e s t a i nl e s s s t e e l s k i d and armor ribbons instead of the conduc tor.
A s a l a p p e d t a p e i n s u l a t i o n i s used the constiuct i o n of a s p l i c e w i l l follow normal practice.
However, the compression joint for the center conductor must be made with very low r e s i s t a n c e and the superconducting s h i e l d must be extended over the splice. Special s p l i c e s a r e r e q u i r e d a t f e e d e r j o i n t s l o c a t e d a t t h e ends of cooling sections. Helium i s removed from the - Table I Flexible Superconducting Cables Basic Design Parameters Normal Current, kA.
D i e l e c t r i c C o n s t a n t of I n s u l a t i o n . center conductors and r e t u r n e d t o t h e r e f r i g e r a t o r . A s h o r t l e n g t h of helium-insulated cable w i l l be i n t r oduced to accomplish this.
An o p e r a t i n g s t r e s s of 20 kV1 cm (50 V1mil)has been used i n t h e d e s i g n of t h i s j o i n t .
Terminals -These a r e a t r i f u r c a t i n g m a n i f o l d a t each end of a superconducting circuit. The terminal accomplishes the usual task of g r a d i n g t h e e l e c t r i c f i e l d so that an external connection can be made t o t h e c a b l e . I n a d d i t i o n a thermal gradient exists between room-temperature and the operating temperature.
As the temperature rises within the terminal the superconduct o r g i v e s way t o a normal metal.
The s h e a t h s a r e a l s o b r o u g h t o u t a t t h e t e r m i n a l . The p o r t i o n of the terminal a t room temperature uses a conventional bushing for the center conductor.
The terminal w i l l incorpor a t e e v a c u a t e d m u l t i l a y e r t h e r m a l i n s u l a t i o n and f o r costing purposes i t has been assumed each terminal w i l l be cooled by a s e p a r a t e r e f r i g e r a t o r , n o t t h e main c o o l a n t s t r e a m f o r t h e c a b l e .
Cooldown and Maintenance
-Evacuation of the comp l e t e d l i n e i s e s p e c i a l l y c r i t i c a l s i n c e a t h e l i u m temp e r a t u r e s a l l o t h e r g a s e s a r e s o l i d and must be f i l t e red a t t h e r e f r i g e r a t i o n s t a t i o n s . A ten-day evaculat i o n p e r i o d , w i t h vacuum pumps a t 8 l o c a t i o n s on the 35.6 km line, has been assumed. A f u r t h e r t h r e e weeks a r e r e q u i r e d f o r h e l i u m f i l l i n g and c o o l i n g t o the operating temperature. i s prevented by a standard cathodic protection system. The r e f r i g e r a t o r s w i l l be designed for 10,000 hours or more mean time before failure. Components w i l l be i n a modular form to permit speedy replacement without shutt i n g down t h e l i n e .
The enormous h e a t s t o r a g e of the h e l i u m i n t h e c a b l e w i l l allow up t o 24 hours of operat i o n w i t h o u t r e f r i g e r a t i o n .
It i s a n t i c i p a t e d t h a t t h e i n c i d e n c e of e l e c t r i c a l f a u l t s w i l l b e s m a l l , e s p e c i a l l y s i n c e t h e c a b l e w i l l o p e r a t e a t a relatively constant temperature,and theref o r e w i l l n o t be a s s u b j e c t t o m e c h a n i c a l s t r e s s e s d u ring normal operation as are pipe-type cables.
I n t h e e v e n t o f a n e l e c t
The time t o r e p a i r and r e s t o r e t h e c a b l e t o service, including evacuation and cooldown, w i l l proba b l y be 4 t o 10 weeks.
COST ANALYSIS
C o s t e s t i m a t e s f o r d i f f e r e n t i t e m s i n t h i s s t u d y were provided by t h e p a r t i c i p a t i n g i n s t i t u t i o n s and o u t s i d e c o n s u l t a n t s . The a c t u a l cable fabrication costs were prepared by Power Technologies Inc. The cost of the cryogenic envelopes and helium, fob the construction site, was prepared by the Cryenco Division of Cryogenic Technologies Inc. This company also estimated the labor to join these envelopes.
Brookhaven provided basic refrigerator and cable terminal costs. All other estimates were provided by L I E 0 and Power Technologies Inc.
A l l prices are in 1973 dollars and no escalation or inflation factor has been included, normal wastage and contingency charges have been included.
In the case where the item is not available at present, such as the cable itself or the cryogenic envelope, it has been assumed a factory exists with an annual output of about twice the amount needed for this j o b and half the annual factory overhead has been included in the estimates. The analysis is presented as a total investment cost.
It is recognized that a present worth analysis would also reflect the scheduling of the work so that transmission facilities match the installation of generators, unfortunately time and money did not permit this depth of analysis.
Limitations of space do not permit a full listing of the many items which were considered in producing the cost estimates. The relative contributions made by the many components of the system can be assessed by the following percentages. These show the cost of materials for plan 3A.
Materials
Cryogenic 
F a u l t a t Holbrook (OH Line)

3$ F a u l t a t Shoreham (Oa Line)
I * A t 345 kV f o r a l l p l a n s . R e f r i g Each R e f r i g S t a t i o n , a l l C i r c u i t s * ( a c r e ) * Continuous contingency operation I Table V I n s t a l l a t i o n P a r a m e t e r s of Flexible Superconducting Cables 
I *
Two t r e n c h e s a r e u s e d i n p l a n 4 .
I
The t o t a l c o s t s of i n s t a l l a t i o n f o r t h e t h r e e p l a n s a r e shown i n l i n e 2 , T a b l e V I . The breakdown f o r t h e ref r i g e r a t i o n s t a t i o n s f o r p l a n 3A i s as follows:
R e f r i g e r a t i o n R e f r i g e r a t o r , i n s t a l l ' n , h o u s i n g : 82% R e a l e s t a t e and d i s t r i b u t i o n s u p p l y : 13% Land p r e p a r a t i o n , f o u n d a t i o n : 3% Controls, alarms, misc.: 2%
Comparison with Conventional Circuits - Table V I 1 summarizes the complete cost of conventional systems to accomplish the same t r a n s f e r of 4800 MVA. Note t h e conventional equivalent of p l a n 2 uses a combination of overhead and underground lines, t h u s t h e c o s t i n d o ll a r s p e r MVA-mile d o e s n o t o f f e r a meaningful comparison to an all-underground system, especially on the b a s i s of continuous contingency rating.
CONCLUSION
From a technical standpoint no obstacles have been d e t e c t e d which appear to block the ultimate appearance of superconducting cables in transmission networks, under the assumption of the study.
It must be emphas i z e d t h a t a t t h e p r e s e n t t i m e development of supercond u c t i n g c a b l e s i n t h e U . S .
i s c o n c e r n e d e n t i r e l y w i t h perconducting transmission w i l l only be p o s s i b l e a f t e r laboratory-scale equipment.
A proper assessment of suthe construction of prototypes of a s i z e more comparab l e t o a c t u a l t r a n s m i s s i o n s y s t e m s .
The use of t r a n s f o r m e r s i n p l a n 2 c l e a r l y i n t r oduces technical problems and a s u b s t a n t i a l c o s t p e n a lt y . The transformers are large and t h e i r r e a c t a n c e makes i t d i f f i c u l t t o match t h e impedance of the superc o n d u c t i n g c i r c u i t t o t h e p a r a l l e l o v e r h e a d c i r c u i t impedance. This match i s necessary to obtain proper load sharing between both systems. Considered alone the 138 kV c i r c u i t seems a t t r a c t i v e e x c e p t t h a t s u b s t a t i o n d es i g n t o h a n d l e 2600 MVA a t 138 kV i s n o t p r a c t i c a l u sing present-day equipment.
The c i r c u i t b r e a k e r s r e q u i r e d do n o t seem t o c a l l f o r s i g n i f i c a n t a d v a n c e s i n p r e s e n t t e c h n o l o g y e x c e p t f o r p l a n 3A, where the continuous contingency current for the superconducting design i s 8,000 A. This cont i n u o u s r a t i n g i s beyond present technology for 345 kV breakers.
No t r a n s i e n t o v e r v o l t a g e o r o v e r c u r r e n t a n a l y s e s were performed during this phase of the study. Such s t u d i e s a r e d e s i r a b l e i n t h e f u t u r e t o examine t h e p e rformance of the system and i t s c a p a b i l i t i e s d u r i n g transient surge conditions. These runs, using a model simulation, would provide necessary information for the design of adequate protection for the cable system. A t r a n s i e n t a n a l y s i s would also shed some l i g h t on the p o s s i b l e need f o r i n s u l a t i o n between the superconducti n g s h i e l d and the armor.
The magnitudes of the dc and low-frequency components of the short-circuit current waveform a r e a l s o i m p o r t a n t when optimizing the design of the cable conductor.
C l e a r l y , a t t h e p r e s e n t t i m e , i t i s n o t p o s s i b l e t o a s s e s s t h e o p e r a t i n g r e l i a b i l i t y of superconducting transmission systems. There seems t o be e v e r y p o s s ib i l i t y t h a t t h e c a b l e s w i l l be e x t r e m e l y r e l i a b l e a s there is virtually no temperature change associated with load variations. Representatives from the industry firmly believe that refrigerators properly designed for this class of service can provide acceptable reliability. Of the three plans examined it must be conceded that plan 3A may not provide complete contingency protection as the failure of both circuits would result in the shut-down of generation at Shoreham. Thus the cost estimates for plan 3A are potentially the lowest for a very high capacity transmission system. Plan 4 has the same capacity as plan 3A but three circuits are used, thus surpassing most conceivable contingency criteria. The financial penalty imposed by the third circuit can be seen by comparing specific costs in Table VII . Table VI1 shows that the costs of superconducting systems appear to be quite attractive.
In each plan the single most expensive item in the materials section is the cryogenic envelope. Careful attention should be given to the design of this equipment to optimize the performance and the effect on total cost. Although a completely overhead 345 kV system is unlikely because of lack of right-of-way and environmental considerations it has been estimated that such a system comprising five circuits 43 miles long would cost about $110 million, including cost of breakers and capitalized losses. This figure can be compared to the cost of $209 million on line 7, Table VII, for the superconducting version of plan 3A. This is a significant improvement in the cost differential for an underground system and represents an important step towards the goal set by the Electric Research Council6 of bringing overhead and underground transmission costs into line. If the cost analysis had been based on present worth the financial advantage of superconducting schemes compared with HPOF cables would have been less noticable in this case study. Conventional underground cable circuits could be installed to match the steady growth of generation capacity, but the fewer number of superconducting circuits would have to be operational from the beginning. This is not an unusual problem in the installation of high-capacity systems, which are often under-utilized in the early years of operation.
Caution must be used when extrapolating the figures obtained in this study to other cable concepts, other sites and other times. A few generalizations can be made: The installation cost of flexible superconducting systems is not a large percentage of the whole, hence, these systems may be attractive in more built-up areas, where installation is ,more difficult. The energy costs of superconducting cables are much less than conventional methods, if fuel costs continue to rise in the future this factor will favor superconducting systems. In the cases studied it was not necessary to include the cost of acquiring right-of-way. I f this had not been the situation it seems likely the addition of this cost would also favor superconducting systems, which require only one or two trenches.
In addition, the high capacity with fewer circuits significantly reduces space requirements at substations, due to fewer terminals and breakers and the absence of reactive compensation. traction). If one assumes installation at 25"C, then the conductors, in A second question relates to the problem of expansion (or conpreparation for senice, are cooled by about 490°K. The operating temis correct that contraction of this pipe is to be restrained by backfiil perature of the steel outer pipe is difficult t o assess, but if my inference not drop more than about 100°K below the installation temperature friction or by pipe anchors in concrete, its operating temperature canwithout exceeding the yield strength of the material. If the temperature drop is greater than this, some freedom of movement will be necessary.
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inner stainless steel pipe, the question arises how the contraction of Further, assuming there is little restraint of the cables proper and of the these is to be accommodated. Whatever the solution, it must allow also for differential contraction between the cables and the stainless liner.
Finally, there is the parallel question of the linear and volumetric contraction of the taped electrical insulation of the conductors and the possible ensuing tape movement and mechanical stress that may affect the electrical performance. Further discussion by the authors concerning the solutions to these problems, incurred through severe temperature changes, would be much appreciated. 1, 1974.   E. B. Forsyth, G. A. Mulligan, J. W. Beck, and J. A. Williams: Until trial lengths of superconducting cable have been built and installed, it will not be possible to state, in detail, how lubrication will be provided during pulling. The use of Teflon coating is discussed in reference 2 cited in the paper. If oil is used during installation it must be removed to prevent contamination of the refrigerator, although oil-luvricated compressors require a purification system to be installed in .in! case.
Manuscript received August
The recent installation of large diameter aluminum cw,!uctor with stainless steel skid wires indicates that with conventional d ) l e the As helium cooled cables will be relatively light, this observation may be coefficient of friction without the use of lubricant is less than e lpected. appropriate to the system described in our paper.
293" K) and contraction will occur when the cable is cooled to 6" K;
Installation is performed at room temperature ( -20" C or a change of 287" K. The outer steel pipe is maintained at the ambient temperature of the surrounding soil. The radial temperature gradient is across a vacuum space containing multilayer radiation shields. This is a standard technique in the design of liquid helium transfer lines. In the design of the cryogenic envelope prepared by Cryenco, the differential sorbed by bellows forming part of the inner pipe. We have assumed the contraction between the outer (warm) pipe and inner (cold) pipe is abcables are anchored axially at splices. centrate on flexible rather than rigid cables (rigid designs are exempli-A crucial factor which influenced the group at Brookhaven to confied by reference 1 cited in the paper) is that the axial length of the cable can remain invariant during cooldown. Contraction of the various cable materials is accommodated by a change in radius. If the pitch it appears the composite assembly will cool down without damaging angles of the conductor, insulation tape and armor are properly chosen the individual cable components. This design is obviously tricky and requires a good knowledge of how the coefficients of contraction and friction vary during the change from 300" K to 6' K. This topic forms an important part of the current program at Brookhaven. 
